Introduction {#sec1-1}
============

The human population around the world is rapidly aging. According to the Sixth National Census Data of 2010, 118,831,709 persons in China are 65 years or over, accounting for 8.87% of the total world population (National Bureau of Statistics of China)\[[@ref1]\]. Because of the declining birthrate and increasing average life span, the world population over 65 years is expected to reach 22% or two billion people by 2050\[[@ref2]\]. Age-associated cognitive decline involves deficits in learning and memory\[[@ref3]\] thus lending to strategies for improving such facets of the aging population to improve life quality and survival.

The thyroid hormones, triiodothyronine and thyroxine, are multi-functional, playing pivotal roles in various physiological functions in mammals, such as the regulation of cellular differentiation during development and maintaining thermogenic and metabolic homeostasis in adults. Furthermore, thyroid hormones mediate important effects in the brain, and thus their deficiency contributes to a variety of brain-related pathologies. Dementia is a dominant characteristic in elderly hypothyroid patients, and a past history of thyroid dysfunction may be a risk factor for Alzheimer\'s disease (AD)\[[@ref4]\].

Oxidative stress is mainly responsible for cell damage, and is considered to be an important factor in aging and disease. Under physiological conditions, superoxide dismutase protects against superoxide anion, thereby preventing cell damage mediated by oxygen free radicals\[[@ref5]\].

Acetylcholine is one of the major neurotransmitters involved in cognitive function\[[@ref6]\]. The cytoskeleton maintains or changes cell physiology *via* the ordered rearrangement of actin protein and play a key role in controlling numerous physiological cell activities, including cell division, migration, endocytosis, efflux function, apoptosis, inflammation, vesicle transport and gene expression\[[@ref7]\]. Previous studies examining cellular substrates of age-related cognitive decline have focused on the hippocampus given its crucial structural and functional role in normal learning and memory, and its particular vulnerability to the aging process\[[@ref8][@ref9]\]. Furthermore, previous studies suggest that levothyroxine (L-T4) supports the development and maintenance of hippocampal cholinergic function\[[@ref10][@ref11]\]. L-T4 treatment reverses hypothyroidism-induced impairment of hippocampus-dependent cognition in thyroidectomized adult rats\[[@ref12]\]. Therefore, we examined the changes of biochemical parameters and cytoskeletal markers in the hippocampus.

We have previously shown that the synthetic form of thyroxine, L-T4, prevents cognitive deficits and improves neurological function in an AD mouse model\[[@ref13]\]. This study aimed to assess whether L-T4 improves cognitive impairment in memory-deficient aged mice by increasing superoxide dismutase activity, cholinergic function, and cytoskeleton rearrangement.

Results {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

Experiments were performed on three groups of CD-1 mice: (1) young (3 months old; *n* = 15) intraperitoneally (i.p.) treated with vehicle (saline), (2) aged (24 months old; *n* = 15) mice treated with vehicle, and (3) aged mice treated with L-T4 (i.p.) (*n* = 15).

L-T4 elevated the rearrangement of hippocampal actin in aged mice {#sec2-2}
-----------------------------------------------------------------

Actin is the major structural component of synapses, and has been shown to play a role in synaptic plasticity because of the dynamic transformations between G-actin and F-actin (*i.e.*, actin rearrangement) *via* polymerization and depolymerization\[[@ref14]\]. Because actin rearrangement plays an essential role in learning and memory\[[@ref15]\] and L-T4 improves cognitive deficits in aged mice, we explored the effect of L-T4 on the rearrangement of actin in aged mice. Western blot analysis showed that hippocampal levels of total actin were not significantly altered between the three groups, despite a tendency for levels to decrease in vehicle-treated aged mice ([Figure 1](#F1){ref-type="fig"}). However, a significant (*P* \< 0.05) decrease in the ratio of hippocampal F-actin/G-actin was observed in vehicle-treated aged mice compared with the young group ([Figure 1](#F1){ref-type="fig"}). Furthermore, this ration was significantly (*P* \< 0.01) elevated in aged mice treated with L-T4 compared with the vehicle-treated aged group.

![Levothyroxine (L-T4) treatment in aged mice increases the rearrangement of hippocampal actin.\
(A) Total actin; lane 1: vehicle-treated young group (*n* = 7); lane 2: vehicle-treated aged group (*n* = 4); lane 3: L-T4-treated aged group (*n* = 7). (B) The expression ratio of F-actin/G-actin. ^a^*P* \< 0.05, *vs*. young mice; ^b^*P* \< 0.01, *vs*. aged mice. Data are expressed as mean ± SEM, and were analyzed by one-way analysis of variance followed by the Dunnett\'s multiple comparisons *post-hoc* test.](NRR-9-864-g001){#F1}

L-T4 treatment elevated serum hormone concentrations in aged mice {#sec2-3}
-----------------------------------------------------------------

Enzyme-linked immunosorbent assays (ELISA) revealed that serum levels of total triiodothyronine, free triiodothyronine, and thyroid stimulating hormone were markedly (*P* \< 0.05) lower in vehicle-treated aged mice compared with the vehicle-treated young group ([Figure 2](#F2){ref-type="fig"}). However, total and free thyroxine remained unchanged between both groups. L-T4 treatment in aged mice significantly increased the serum concentrations of total triiodothyronine (*P* \< 0.01), free triiodothyronine (*P* \< 0.01), total thyroxine (*P* \< 0.05), free thyroxine (*P* \< 0.05), and thyroid stimulating hormone (*P* \< 0.05) compared with the vehicle-treated aged group. Furthermore, L-T4 did not result in subclinical hyperthyroidism (*i.e.*, low thyroid stimulating hormone and normal thyroid hormones) in the aged mice ([Figure 2](#F2){ref-type="fig"}).

![Levothyroxine(L-T4) treatment in aged mice increases serum hormone concentrations.\
Young group (*n* = 15), vehicle-treated aged group (*n* = 9), L-T4-treated aged group (*n* = 14). ^a^*P* \< 0.05, *vs*. young mice, ^b^*P* \< 0.05,^c^ *P* \< 0.01, *vs.* aged mice. Data are expressed as mean ± SEM, and were analyzed by one-way analysis of variance followed by the Dunnett\'s multiple comparisons *post-hoc* test. T3: Triiodothyronine; T4: thyroxine; TSH: thy-roid stimulating hormone.](NRR-9-864-g002){#F2}

L-T4 increased the levels of choline acetyltransferase (ChAT) and acetylcholine (ACh) in the hippocampus of aged mice {#sec2-4}
---------------------------------------------------------------------------------------------------------------------

To identify the effects of L-T4 on cholinergic function in aged mice, we analyzed the levels of the cholinergic marker, ChAT\[[@ref16]\] and ACh. Vehicle-treated aged mice exhibited a significantly (*P* \< 0.05) lower level of hippocampal ChAT ([Figure 3A](#F3){ref-type="fig"}) and ACh ([Figure 3B](#F3){ref-type="fig"}) compared with vehicle-treated young mice. However, these levels were significantly (*P* \< 0.05) increased in aged mice treated with L-T4 compared with the vehicle-treated aged group.

![Levothyroxine (L-T4) treatment in aged mice increases the hippocampal levels of choline acetyltransferase (ChAT), acetylcholine (ACh), and superoxide dismutase (SOD).\
Vehicle-treated young group (*n* = 8), vehicle-treated aged group (*n* = 5), L-T4-treated aged group (*n* = 7). ^a^*P* \< 0.05, *vs*. young mice; ^b^*P* \< 0.05, *vs*. aged mice. Data are expressed as mean ± SEM, and were analyzed by one-way analysis of variance followed by the Dunnett\'s multiple comparisons *post-hoc* test.](NRR-9-864-g003){#F3}

Superoxide dismutase (SOD) elevated in the hippocampus of aged mice treated with L-T4 {#sec2-5}
-------------------------------------------------------------------------------------

SOD levels were significantly (*P* \< 0.01) lower in vehicle-treated aged mice compared with the same treatment to young mice. However, L-T4 treatment in aged mice markedly (*P* \< 0.01) increased the level of SOD compared with vehicle-treated aged mice ([Figure 4C](#F4){ref-type="fig"}). These results showed that L-T4 increased the level of antioxidant enzyme.

![No difference in body weights of viable aged mice before and after levothyroxine (L-T4) treatment at the beginning of the study and at study completion.\
Before the study: *n* = 15 vehicle-treated aged mice, *n* = 9 L-T4-treated aged mice. At study completion: *n* = 9 vehicle-treated aged mice, *n* = 14 L-T4-treated aged mice. Data are expressed as mean ± SEM, and were analyzed by one-way analysis of variance followed by the Dunnett\'s multiple comparisons *post-hoc* test.](NRR-9-864-g004){#F4}

L-T4 improved the survival rate of aged mice {#sec2-6}
--------------------------------------------

A 3-month treatment of L-T4 increased the survival rate of aged mice from 60% (9/15) to 93% (14/15). Furthermore, no difference in the mean body weights of viable aged mice was found before and after L-T4 treatment at the beginning of the study and at study completion ([Figure 4](#F4){ref-type="fig"}).

L-T4 increased spatial learning and memory in aged mice {#sec2-7}
-------------------------------------------------------

In the Morris water maze task, the escape latency of L-T4-treated mice was significantly (*P* \< 0.01) shorter than that of vehicle-treated aged mice at each training day from the third to the fifth ([Figure 5A](#F5){ref-type="fig"}). In the probe tests, the time spent in the target quadrant of L-T4-treated mice was significantly (*P* \< 0.01) longer than the vehicle-treated aged group ([Figure 5B](#F5){ref-type="fig"}, [C](#F5){ref-type="fig"}). These results indicated that L-T4 treatment in aged mice improved cognitive deficits.

![Levothyroxine (L-T4) improves spatial learning and memory in aged mice.\
(A) Treatment of L-T4 to aged mice increased spatial learning impairment in the Morris water maze task. (B) Representative swimming routes in the probe test of a mouse from each group (vehicle young, vehicle aged, and L-T4 aged). Red lines represent the motion trail. (C) Time spent in the target quadrant of the probe test. Vehicle-treated young group (*n* = 15), vehicle-treated aged group (*n* = 9), L-T4 treated aged group (*n* = 14). ^a^*P* \< 0.01, *vs*. young mice; ^b^*P* \< 0.01, *vs*. aged mice. Data are expressed as mean ± SEM, and were analyzed by one-way analysis of variance followed by the Dunnett\'s multiple comparisons *post-hoc* test.](NRR-9-864-g005){#F5}

Discussion {#sec1-3}
==========

All animals in late age have a mortality rate\[[@ref17][@ref18]\]. CD-1 mice have a high mortality rate at approximately 24 months of age (109 weeks, 66.4% and 63.3% for males and females, respectively) compared with younger mice (83 weeks, 32.6% and 28.6% for males and females, respectively)\[[@ref19]\]. In the present study, aged (24 months old) male CD-1 mice had a 40% mortality rate during the 12-week experimental period (data not shown). However, mortality rate was dramatically decreased to 6.7% in aged mice treated with L-T4 (data not shown). This effect may have resulted from thyroid hormone-mediated activation of a multitude of metabolic processes essential for survival.

Several changes in thyroid function occur during aging\[[@ref20]\]. Normal aging is associated with changes in the production of thyroid hormones and their metabolism\[[@ref21]\]. Secretion of thyroxine and triiodothyronine is reduced in healthy aged individuals, and an age-dependent decline in circulating total and free triiodothyronine concentrations occur because of reduced peripheral conversion from thyroxine hence decreased secretion\[[@ref21]\]. However, serum concentrations of total and free thyroxine remain relatively unchanged in these individuals because thyroxine degradation is reduced\[[@ref22][@ref23]\]. Thyroid stimulating hormone levels have long been regarded as the most sensitive indicator of thyroid function. Its serum concentration decreases in healthy aged individuals owing to its reduced secretion by the pituitary. Consistent with previous studies\[[@ref4]\] findings of the present study showed that serum levels of thyroid stimulating hormone and triiodothyronine (total and free) were decreased in aged mice. Aged animals also exhibit reduced cerebral and peripheral tissue responsiveness to thyroid hormones\[[@ref24]\]. The affinity of thyroid hormones for their receptors is decreased during aging\[[@ref25][@ref26]\]. Therefore, the supplement of thyroid hormones may normalize their levels and efficiencies, thereby restoring the energy and the metabolic function of cells, thus decreasing the mortality rate. However, the exact mechanisms will be further studied. Pharmacokinetic analyses have suggested that L-T4 crosses the blood-brain barrier\[[@ref27][@ref28]\] which is relatively impermeable to triiodothyronine. Up to 80% of triiodothyronine in the brain is produced locally *via* the conversion from thyroxine\[[@ref29]\]. L-T4 administration increases both serum and brain concentrations of free thyroxine and triiodothyronine\[[@ref29]\].

Normal aged humans, monkeys, rats, and mice exhibit spatial memory impairments compared with their younger counterparts\[[@ref30][@ref31]\]. Several studies have reported a decrease in learning and memory with age in CD-1 mice, as assessed by different behavioral tasks, such as the T-maze, 3D maze and Morris water maze\[[@ref32][@ref33]\]. Similar deficits are also observed in aged (18--20 months old) C57BL/6J and Kunming mice compared with young (3--4 months old) mice\[[@ref34][@ref35][@ref36]\]. In the present study, the Morris water maze task showed that aged CD-1 mice had spatial learning memory deficits compared with their younger counterparts.

Thyroid hormones are necessary for regulating neural development and maintaining normal function of the central nervous system\[[@ref37]\]. In animal experiments, L-T4 treatment significantly enhances the ability of animals to learn a spatial memory task\[[@ref38][@ref39]\]. In addition, clinical studies have shown that L-T4 replacement therapy in hypothyroid patients markedly improves their cognition and emotion\[[@ref40][@ref41]\]. Our present findings suggest that L-T4 supplement at a safe dose of 1.6 μg/kg per day improves learning and memory in aged mice.

Consistent with previous reports\[[@ref13][@ref42]\] our results showed that ChAT, ACh, and SOD in the hippocampus were lower in aged mice, but were increased with L-T4 treatment.

The mechanism of action of thyroid hormones involves the uptake of triiodothyronine or thyroxine by the target cells to the cell nucleus, forming a complex with nuclear receptor protein thereby regulating the biological activities *via* transcription regulation. Therefore, thyroxine is considered to be a prohormone that yields metabolically active triiodothyronine *via* tissue deiodinase activities. This effect leads to the modulation of transcription of more than a hundred genes, including memory-related genes of the central nervous system\[[@ref43][@ref44]\]. L-T4 administration significantly increases the levels of memory-related proteins, such as ChAT, nerve growth factor, SOD, CAT and glutathione peroxidase\[[@ref42]\]. Both the consolidation and retrieval of memory requires *de novo* protein synthesis, and thyroid hormones up-regulate the transcription of memory-related genes. Therefore, treatment of L-T4 to aged mice may increase memory-related protein synthesis, thus improving memory.

Nongenomic actions of thyroid hormones are caused by the lack of binding of the hormone to the intranuclear thyroid hormone receptor, and may be initiated in the plasma membrane or cytoplasm. Plasma membrane-initiated actions occur at the integrin αvβ3 receptor (inducing mitogen-activated protein kinase), affecting ion transport systems (such as the Na^+^/H^+^ exchanger), or inducing complex cellular events (such as cell proliferation). L-T4 binds to the integrin receptor with greater affinity than triiodothyronine\[[@ref45][@ref46]\]. In the cytoplasm, thyroxine (but not triiodothyronine) acts on a truncated form of the nuclear thyroid hormone receptor α1 isoform, causing the conversion of soluble G-actin to F-actin, which is important for cell motility in glia and neurons\[[@ref45][@ref46]\]. The actin cytoskeleton is abundant in pre- and post-synapses and is involved in the regulation of synaptic transmission at these sites, thus possibly changing synaptic efficacy\[[@ref47][@ref48]\]. Previous animal experiments have shown that actin rearrangement plays an essential role in learning and memory, and its disruption can be caused by the inhibition of the G-actin to F-actin conversion\[[@ref49][@ref50]\]. The transformation from G-actin to F-actin is significantly reduced during aging\[[@ref49][@ref50]\] and this effect may be associated with the disruption of actin regulatory proteins. Thyroxine promotes the conversion of G-actin to F-actin through its cytoplasmic receptor, which may explain why the ratio of F-actin/G-actin increased after L-T4 administration in the present study.

In summary, our findings suggest for the first time that L-T4 supplement is safe and effective for improving normal aged-related cognitive deficits.

Materials and Methods {#sec1-4}
=====================

Design {#sec2-8}
------

A randomized and controlled animal experiment.

Time and setting {#sec2-9}
----------------

The experiment was performed at the Department of Biopharmaceutics, School of Pharmaceutical Sciences, Southwest University, China, from March 2010 to December 2012.

Materials {#sec2-10}
---------

Healthy male CD-1 mice were provided by the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China; license No. SCXK (Jing) 2006-2009). Their body weights were 32 ± 2.0 g for 3-month-old mice (young group; *n* = 15) and 45 ± 2.3 g for 24-month-old mice (aged group; *n* = 30). Animals were housed in plastic cages (420 mm × 240 mm × 170 mm) with free access to standard laboratory food and water and kept in a regulated environment 23 ± 1°C. All experimental procedures were performed in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, published by the Ministry of Science and Technology of China\[[@ref51]\].

Drugs {#sec2-11}
-----

L-T4 (Sigma-Aldrich, St. Louis, MO, USA; 0.16 μg/mL) was dissolved in sodium hydroxide (pH 7.4).

Methods {#sec2-12}
-------

### L-T4 treatment {#sec3-1}

Aged mice were injected (i.p.) with 1.6 μg/kg L-T4\[[@ref52]\] daily for 3 consecutive months. The aged control and young control mice were injected with 0.1 mL/g saline in parallel. The mortality of mice in each group was noted.

### Morris water maze task for spatial learning and memory in mice {#sec3-2}

The Morris water maze apparatus (Chengdu Technology & Market Co., Ltd., Chengdu, Sichuan Province, China) was used to test spatial learning and memory, as previously described\[[@ref53][@ref54]\]. In brief, each training day consisted of four trials (two in the morning and two in the afternoon) on each training day for a total of 6 days. For each trial on the training day, the animals were randomly placed at four different starting positions at the junction between two adjacent quadrants (the east, north, west, or south poles of the maze). The animals were given 120 seconds to find the submerged platform in opaque water. If an animal could not find the platform within this time-frame, it was guided to the platform. After mounting the platform, the animals were allowed to stay there for 30 seconds. The time that the mouse took to reach the platform was recorded as the escape latency. A probe test was performed 24 hours after the navigation test was completed\[[@ref53][@ref54]\]. The platform was removed from the pool, and the mice began from a unique starting location directly opposite the platform. During the probe trial, mice remained in the pool for 120 seconds. All trials were recorded with a digital camera using the computer software of the maze. During the navigation test, the escape latencies of all trials were recorded. Spatial learning was evaluated by calculating the mean escape latency from the four trials on each training day. Furthermore, time spent in the target quadrant was recorded during the probe trial. The ratio of time spent in the target quadrant within 120 seconds was also used to evaluate spatial memory.

### Measurement of serum hormone concentrations by ELISA {#sec3-3}

Blood was collected from every animal after the Morris water maze task, and the serum was separated and stored at −70°C for later use\[[@ref55]\]. Concentrations of thyroid stimulating hormone, triiodothyronine (total and free), and thyroxine (total and free) were determined by their respective ELISA kits (Adlitteram Diagnostic Laboratories, San Diego, CA, USA), according to the manufacturer\'s instructions. All samples were performed in duplicate, and the intra- and inter-assay variations were less than 10%.

### Biochemistry assays for hippocampal ChAT, ACh, and SOD {#sec3-4}

The assay methods were performed, as previously described\[[@ref56]\]. Briefly, mice were decapitated, and the hippocampi\[[@ref57]\] dissected and stored at --70°C for future use. Homogenate was prepared in cold saline (1,500 × *g*, 5 seconds, twice centrifugation with a 30 second interval) on ice. The level of ChAT was determined spectrophotometrically, according to Wolfgram\[[@ref59][@ref60]\]. The level of ACh was examined, according to Hestrin\[[@ref58]\]. The level of SOD was determined by the xanthine oxidase method\[[@ref59][@ref60]\]. Protein concentration was determined using the BCA kit (Promage, Fitchburg, Wisconsin, USA). All biochemical parameters were normalized to the total homogenate protein.

### Western blot analysis for actin {#sec3-5}

Subcellular fractionation and actin analysis was performed, as previously described\[[@ref61][@ref62]\]. Briefly, after decapitation, the hippocampus was rapidly removed and stored at --70°C until later use. Hippocampal homogenate in 0.32 mol/L sucrose buffer was centrifuged at 1,000 × *g* for 10 minutes, and the supernatant was further centrifuged at 10,000 × *g* for 15 minutes to obtain a crude synaptosome fraction (P1). Protein concentration of P1 solution was determined by the BCA kit (Promage). P1 was subsequently dissolved in hypo-osmotic buffer and centrifuged at 25,000 × *g* for 25 minutes to precipitate a synaptosomal membrane fraction (LP1). To separate F-actin and G-actin, LP1 was lysed in 100 μL of buffer A (1% Triton X-100, 20 mmol/L HEPES, 100 mmol/L NaCl, 2 mmol/L EDTA, 5 mmol/L NaF, 1 mmol/L Na~3~VO~4~ 1 mmol/L aprotinin, 1 mmol/L leupeptin, and 1 mmol/L phenylmethyl sulfonylfluoride, pH 7.2) for 1 hour, and then 50 μL of this solution was centrifuged at 10,000 × *g* for 20 minutes and the remaining volume (50 μL) was collected to determine total actin fraction. The pellet was dissolved in 50 μL of buffer B (15 mmol/L HEPES, 0.15 mmol/L NaCl, 1% SDS, 10 mmol/L EDTA, 1 mmol/L DTT, 5 mmol/L NaF, 1 mmol/L Na~3~VO~4~ 1 mmol/L aprotinin, 1 mmol/L leupeptin, and 1 mmol/L phenylmethyl sulfonylfluoride, pH 7.2) for 1 hour, and then centrifuged at 10,000 × *g* for 20 minutes. The G-actin fraction (the first supernatant) and F-actin fraction (the second supernatant) were collected. Equal volume samples were used to detect immunoreactivity of total actin, F-actin, and G-actin by western blot analysis\[[@ref63][@ref64]\]. Briefly, samples (20 μg protein per lane) were subjected to SDS-polyacrylamide gel electrophoresis in a 12% gel, and then electrophoretically transferred to polyvinyl diflouride membranes (Amersham Pharmacia, Piscataway, NJ, USA). Membranes were blocked with 5% skimmed milk in 10 mmol/L Tris-HCl and 100 mmol/L NaCl (Tris-buffered saline; TBS), containing 0.01% Tween-20 (T; TBST) for 2 hours at room temperature and then respectively immersed with mouse anti-total actin, F-actin, or G-actin antibody (all at 1:5,000; Cell Signaling, Beverly, MA, USA) at 4°C overnight. Membranes were subsequently washed (twice, 15 minutes each) in TBST and incubated for 2 hours with horseradish peroxidase-conjugated goat anti-mouse IgG (1:1,000; Dingguo Biotechnology Company, Beijing, China). Signals were detected by the enhanced chemiluminescence system (Pierce, Rockford, IL, USA). Immunopositive signals were quantified by Quantity One software (Bio-Rad, Hercules, CA, USA).

### Statistical analysis {#sec3-6}

Data are expressed as mean ± SEM, and were analyzed by one-way analysis of variance followed by the Dunnett\'s multiple comparisons *post-hoc* test. Data of mice that died naturally were excluded from the statistical analysis. Data were analyzed with SPSS 13.0 software (SPSS, Chicago, IL, USA). Significance was reached at values of *P* \< 0.05 or *P* \< 0.01.
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